In a previous paper (Schaefer et al., 1955) it was reported that incubation in air with increased CO2 content enhances the growth of many strains of tubercle bacilli on oleic acidalbumin agar medium. Two of our stock laboratory strains, Vall6e (bovine) and H37Rv (human), showed diminished growth or even no growth when incubated under a C02-enriched atmosphere on this medium.' Occasionally, however, some large-sized colonies appeared under these conditions. Subcultures of these colonies gave enhanced growth on incubation under high CO2 tension (5 to 10 per cent CO2 in air). Thus, two variants were obtained from each of these strains, the one being stimulated, the other being retarded or inhibited by incubation under air with high CO2 content. The former was called the "CO2-stimulated," the latter the "CO2-inhibited" variant. These two variants were submitted to further study to analyze the mechanisms of the effect of high CO2 tension on the "C02-inhibited" variant.
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METHODS
The composition of the oleic acid-albumin agar medium used was the same as described previously (Schaefer et al., 1955) except for the following changes: Casein digest was omitted and glutamic acid concentration was raised to 2 mg per ml. The concentration of the oleic acid-albumin complex was decreased to 0.2 per cent. The reason for these changes are given later.
Incubation in an atmosphere of C02-enriched air was carried out in desiccators. In order to assure equal penetration of the gas mixture into the piled petri dishes, an air space between the cover and the bottom of each plate was provided by the insertion of two pieces of folded aluminum foil. The desiccators were evacuated to 50 mm Hg and refilled with a mixture of air containing 5 or 10 per cent CO2 until the pressure was 560 mm Hg. The method of preparing well-dispersed bacterial suspensions and the technique of inoculation were the same as described previously.
RESULTS
Studies on the depressing effect of increased CO2 tension on the growth of the C02-inhibited variants indicated that this phenomenon depended on the composition of the culture medium used. When the oleic acid-albumin complex was replaced by simple bovine albumin no inhibition of the C02-inhibited variants by CO2 was observed. The inhibiting effect of CO2 appeared to be stronger on media with 0.2 per cent than with 0.5 per cent of the oleic acid-albumin complex. When ammonium sulfate or L-alanine instead of glutamic acid were used as the sole nitrogen source, no growth was obtained on incubation in atmospheric air, whereas moderate growth occurred when the plates were incubated under a C02-enriched atmosphere. With L-aspartic acid as the nitrogen source, growth on incubation in atmospheric and CO2-enriched air was equal.
In the presence of L-glutamic acid as the sole organic nitrogen source, growth under atmospheric air was the most rapid, whereas no growth or very poor growth occurred when the plates were incubated under a CO2-enriched atmosphere. The inhibiting effect of CO2 was strongest when the concentration of glutamic acid was increased from 0.5 to 2 mg per ml and when the reaction of the medium was acid (pH 6.6). The addition of casein digest (2 mg per ml) to the glutamic acid medium abolished the 52 inhibiting effect of CO2. Therefore, oleic acidalbumin agar medium of pH 6.6 with 2 mg per ml of L-glutamic acid as the sole organic nitrogen source and with 0.2 per cent of the oleic acidalbumin complex was used in all further experiments. The depressing effect of CO2 was more pronounced for the COinhibited VallWe strain than for the corresponding variant of the H37Rv strain.
A study of the effect of biotin2 (0.1 to 0.5 ,ug per ml) on the growth of the C02-stimulated and the C02-inhibited variants showed that the C02-stimulated variants required biotin for optimal growth under atmospheric air, whereas the C02-inhibited variants gave equally good growth in the presence and absence of biotin. This observation suggested that the CO2-inhibited variants synthesized more biotin than the CO2-stimulated strains. Since biotin promotes CO2 uptake, it seemed possible that the inhibiting effect of high CO2 tension on the CO2-inhibited variants might be due to an excessive uptake of CO2 under the combined effect of the endogenous biotin and the exogenous CO2. It was reasoned that, if this is the mechanism of the inhibiting effect of C02, seen that the biotin antagonist 4-(imidazolidone-2) caproic acid (Hoffmann-LaRoche, Inc.) inhibits the growth of the CO2-inhibited Vall6e strain under incubation in atmospheric air and promotes its growth under a CO2-enriched atmosphere. The CO2-stimulated strain shows no growth in the presence of the biotin antagonist on incubation in atmospheric air, and its growth under high CO2 tension is reduced when the biotin antagonist is present. Similar results were obtained with the two variants of the H37Rv strain.
A study of the effect of various growth factors on the phenomenon of inhibition by CO2 showed that the addition of 1 ug per ml of vitamin B12 to the medium completely abolished the depressing effect of high CO2 tension on the C02-inhibited variants and produced enhanced growth. Some stimulation of growth was obtained in the presence of 0.1 ug per ml of B12; still smaller amounts were ineffective. Paraminobenzoic acid (1, 10, and 100 ug per ml), calcium pantothenate (50 ,ug, 100 ,ug per ml), thiamin hydrochloride (1, 10, and 100 ,ug per ml), cocarboxylase (1 ,ug per ml), pyridoxine hydrochloride (10 ,ug per ml), pyridoxal hydrochloride (10 ,ug per ml), pyridoxamine dihydrochloride (10 ,ug per ml), folic acid (1 MAg, 50 ug per ml), thymidine (10, 50, and 100 ,ug per ml), deoxyadenosine (100 Ag per ml), and uracil (100 MAg, 500 ,ug per ml) had no effect under these conditions.
In view of the known role of vitamin B12 in the synthesis of methionine (Davis and Mingioli, 1950) acids on the depressing effect of the C02-inhibited variants was also investigated. L-and D-methionine in a concentration of 0.5 mg per ml regularly reversed the inhibiting effect of C02 on the Vallee strain. DL-homoserine in a concentration of 0.05 to 0.2 mg per ml, D-serine in the same concentrations, and D-alanine in a concentration of 0.5 mg per ml, gave similar results. The results with L-serine (0.05 to 0.2 mg per ml), L-alanine, DL-leucine, DL-isoleucine, and DLthreonine (0.5 to 2 mg per ml) were irregular. Glycine (0.5 to 2 mg per ml), L-and D-aspartic acid (0.5 mg per ml) and D-glutamic acid (0.5 mg per ml) were ineffective. It can be concluded from these experiments that the reversing effect of methionine on the C02-sensitive Vallee strain is not specific for this amino acid. No clear evidence could be obtained that any of these amino acids had an effect on growth of the C02-inhibited strain of H37Rv.
DISCUSSION
It has been shown by Ebina and co-workers (1938) and was confirmed and extended by our previously reported experiments (Schaefer et al., 1955) that incubation under increased C02 tension has a stimulating effect on the growth of tubercle bacilli. This effect has been found to be most marked when oleic acid-albumin agar was used as the culture medium. This medium also imposes on certain strains a requirement for biotin. Increased C02 tension reduces the requirement for biotin Snell, 1951, 1953; Schaefer et al., 1955) and the stimulating effect of increasing C02 tension may be due, at least partly, to this biotin-sparing effect. In the experiments presented here the exceptional occurrence is described of strains of tubercle bacilli the growth of which is inhibited by incubation under high C02 tension. These strains were not stimulated by biotin, and incubation under high CO tension inhibited their growth most markedly on an oleic acid-albumin medium with high glutamate content. The mechanism of this inhibition may be explained in the following way: Lwoff and Monod (1947) , and Ajl and Werkman (1948) .:
on July 10, 2017 by guest http://jb.asm.org/ Downloaded from ing the bacterial cells with a metabolite which requires CO2 for its synthesis in the absence of glutamic acid. By the same mechanism glutamic acid also reduces the requirement for biotin (Shive and Rogers, 1947) since biotin is a coenzyme for the assimilation of CO2. In the presence of endogenous biotin, glutamic acid and a C02-enriched atmosphere, all of which contribute to the formation of an essential metabolite, this metabolite probably accumulates in excessive amounts in certain strains. It seems understandable that under these conditions the addition of a biotin antagonist reestablishes normal growth, since the biotin antagonist inhibits one of the enzymes which participate in the formation of this metabolite and thus reduces its formation to a level compatible with normal growth. It seems interesting in general that a compound (4-(imidazolidone-2) caproic acid) which under one condition acts as a poison by antagonizing a growth factor (biotin) can itself act as a growth factor under other conditions.
No convincing explanation can be given for the reversal of the inhibiting effect of CO2 by vitamin B12 on the two CO2 inhibited variants and for the similar effect of L-and D-methionine, DL-homoserine, D-serine, and D-alanine and some other amino acids. The hypothesis was considered that high CO2 tension may have an inhibiting effect on the biosynthesis of methionine or its precursors and that vitamin B12 and some of the above-mentioned amino acids may reverse this effect by enhancing the formation of labile methyl groups required for the synthesis of methionine. Our observations, however, are not consistent enough with relevant observations described in the literature (Teas et al., 1948; Gibson and Woods, 1952) to discuss this hypothesis further.
SUMMARY
Two strains of Mycobacterium tuberculosis gave rise to clones which differed in that one required biotin for growth in atmospheric air and was stimulated by incubation under air with increased CO2 content, whereas the other was not stimulated by biotin under incubation in atmospheric air and was inhibited by incubation under increased CO2 tension. The inhibiting effect of high CO2 tension on the growth of the latter strains was reversed by the addition of the biotin antagonist 4-(imidazolidone-2) caproic acid and also by vitamin B12. The inhibition of one of these strains under high CO2 tension was also reversed by L-and D-methionine, DLhomoserine, D-serine, and less regularly by some other amino acids. The significance of these findings is discussed.
